The seemingly transparent wings of many insects have recently been found to display 2 dramatic structural coloration. These structural colours (wing interference patterns: WIPs) 3 may be involved in species recognition and mate choice, yet little is known about the 4 evolutionary processes that shape them. Additionally, existing research has been 5 restricted by analysing WIPs without due consideration of how they are actually perceived 6 by the viewers' colour vision. Here, we use multispectral digital imaging and a model of 7 Drosophila vision to compare WIPs of male and female Drosophila simulans from replicate 8 populations forced to evolve with or without sexual selection for 68 generations. We show 9 for the first time that WIPs modelled in Drosophila vision evolve in response to sexual 10 selection, and confirm that WIPs correlate with male sexual attractiveness. These findings 11 add a new element to the otherwise well described Drosophila courtship display and 12 confirm that wing colours evolve through sexual selection. 13 14
Introduction 16
Animal colour patterns are important sources of information that are used in a range of 17 signalling contexts including species recognition (Barraclough et al. 1995) , intrasexual 18 competition (Siefferman & Hill 2005) , and mate choice (Houde 1997) . When colour 19 patterns are subject to sexual selection, colouration covaries with sexual fitness-20 components, and colour can be part of multi-modal courtship displays (Candolin 2003) . 21
Wing interference patterns (WIPs) are a newly discovered visual component of many 22 insect wings that are thought to act as visual displays (Figure 1 ). They have been recorded 23 in several Drosophila species (Shevtsova et al. 2011 ) and possibly represent previously 24 unrecognised sexual signals in otherwise well-described Drosophila courtship displays -25 which also involve species-specific movement, song, olfaction, and taste (Shevtsova et al. 26 2011; Greenspan et al. 2000 ; Katayama et al. 2011) . WIPs are a form of structural 27 colouration produced by thin-film interference where light striking the wing is refracted and 28 reflected in such a way that the wavelength of the reflected light is dependent on the 29 thickness of the chitinous membrane of the wing (Shevtsova et al. 2011) . As a result, 30 variation in wing thickness, along with other structural variation including hair placement 31 and venation, determines variation in reflected colour (Shevtsova et al. 2011) . 32
33
Recent work shows that WIPs within the human-visible spectrum are heritable and subject 34 to sexual selection via female mate choice in D. melanogaster (Katayama et al. 2011 ), but 35 generally little is known about the selective forces that shape WIPs and how they might 36 respond to any such selection. Furthermore, despite evidence that WIPs can be sexual 37 signals, all work to date has used uncalibrated digital images where pixel colour values do 38 not correspond linearly with radiance, making objective colour measurement extremely 39 problematic (Stevens et al. 2007 ). Additionally, no work has yet investigated WIPs 40 explicitly within the spectral sensitivities of the photoreceptors in the Drosophila visual 41 system, and so drawing clear biological conclusions about which WIP elements are under 42 selection and how they might evolve is currently not possible. 43
44
The Drosophila eye contains five main types of photoreceptor, each expressing a single 45 opsin gene; rhodopsins 1 and 3 through 6 (Rh1 and Rh3 through Rh6) (Schnaitmann et al. 46 2013). One is thought to be achromatic with broadband spectral sensitivity to both human-47 visible and UV light (Rh1), although this may also be used in colour processing 48 (Schnaitmann et al. 2013) , two have narrow peak sensitivities in the human-visible 49 spectrum roughly corresponding to green (Rh6) and blue (Rh5) light, and two have narrow 50 peak sensitivities in the UV spectrum at shorter (Rh3) and longer (Rh4) wavelengths 51 (Schnaitmann et al. 2013 , Rister et al. 2013 We dissected and photographed a total of 480 pairs of wings from 240 individuals. 36 116 wings were excluded from analyses due to objects obscuring the wing (e.g. fibres) or wing 117 damage. Final sample sizes were: males evolving with sexual selection n=55; males 118 without sexual selection n=58; females with sexual selection n=57; and females withoutsexual selection n=56 (all groups consisted of individuals sampled from each of 4 replicate 120 populations per treatment). 121
122

Wing interference pattern imaging 123
Wings were photographed in a custom-built assembly using a calibrated Canon 7D 124 camera that had been converted to full-spectrum sensitivity by replacing the sensor's 125 visible-band pass filter with a quartz sheet (conversion by Advanced Camera Systems, 126
Norfolk, UK). The camera was fitted with a Novoflex Noflexar 35mm lens that transmits in 127 the visible and ultraviolet (UV) range, reverse-mounted on a helicoid to achieve a suitable 128 magnification. Photographs were taken through a Baader UV/IR cut filter that transmits in 129 the human visible range (400-700 nm), and then through a Baader Venus-U filter that only 130 transmits in the UV (UV, 310-390 nm) range. 131
132
Wing interference patterns change dramatically as the angle of the wing, light source and 133 viewing angle change under direct (e.g. point source) illumination. We therefore used a 134 custom-built lighting system that provided uniform, diffuse lighting to create standardised 135 illumination and viewing conditions. The lighting assembly used an Iwasaki eyeColor metal 136 halide arc lamp modified to emit UV light by removal of its UV/IR filter. This bulb is 137 designed to match the Commission on Illumination (CIE) standard D65 illuminant, so 138 recreates natural illumination. The bulb was positioned inside a stainless-steel spherical 139 reflector directly below the sample that focussed light onto a ring of raw white 140 polytetrafluoroethylene plastic sheet around the lens, simulating a ring-flash. Critically, this 141 light source created standardised and uniformly diffuse illumination that matches natural 142 conditions. The dorsal surfaces of wings were photographed in pairs on a dark, spectrally 143 flat polymethyl methacrylate background that contained a scale-bar. 144
Image processing 146
Most imaging systems create photographs for viewing on non-linear, low dynamic range 147 displays using 8-bits per channel colour spaces. However, such images are also non-148 linear, meaning the pixel values do not correspond linearly with radiance, which in turn 149 makes them unsuitable for objective colour measurement (Stevens et al. 2007 ). Standard 150
Red-Green-Blue (RGB) systems are also unsuitable for modelling Drosophila vision 151 because they do not capture the UV portion of the spectrum to which Drosophila are 152 sensitive, and previous analyses have included the red portion of the spectrum, which the 153 flies are unable to detect (Briscoe & Chittka 2001) . We therefore processed our whole-154 wing images using our Multispectral Image Analysis and Calibration Toolbox for ImageJ 155 (Schneider et al. 2012 ), which enables image calibration, first controlling for lighting 156 conditions and then converting images to animal cone-catch quanta (Troscianko & 157
Stevens 2015). 158 159
We used the toolbox to combine the visible and ultraviolet whole-wing images into aligned, 160 normalised multispectral stacks, and then used a cone-mapping approach to convert these 161 images to "Drosophila vision" (i.e. Drosophila cone-catch quanta). Images were 162 normalised (i.e. converted to relative reflectance images that control for lighting conditions) 163 by measuring the background grey in each image, which was in turn calibrated against a 164 Spectralon 99% reflectance standard (Labsphere). Briefly, the cone-mapping process uses 165 the known spectral sensitivities of the camera to estimate the camera's response to a 166 database of thousands of natural reflectance spectra illuminated using the CIE standard 167 D65 illuminant following the von Kries correction. In addition, the Drosophila cone-catch 168 quanta were calculated for the same illuminant using Drosophila spectral sensitivities 169 Mean luminance was calculated as the mean Rh1 cone-catch quanta pixel estimates for 175 each wing, and luminance contrast was the standard deviation in these estimates. Hue 176 was based on four empirically validated opponent colour channels (Rh5-Rh3, Rh6-Rh4, 177
Rh6-Rh1, and Rh1-Rh4) (Schnaitmann et al. 2013 ). Cone-catch images were converted to 178 each of these four opponent channel images (e.g. the green-blue opponent channel was 179 calculated at each pixel as: Rh6/(Rh6+Rh5)) (Spieth 1974 WIPs of males evolving without sexual selection (LSMeans, t ratio=3.93, p<0.001; Figure  233 2). In contrast, there was no difference in mean luminance between the WIPs of females 234 evolving with or without sexual selection (LSMeans, t ratio=0.44, p=0.97). The luminance 235 of females WIPs were also similar to males evolving without sexual selection (LSMeans, t 236 ratio<1.38, p>0.51), but females tended to differ from sexual selection males (LSMeans, t 237 ratio=-2.46, p=0.047 and t ratio=-2.25, p=0.12 for sexual and non-sexual selection females 238 respectively) (full statistical models for this and subsequent analyses are presented in the 239 supplementary data). WIPs were again similar to males evolving without sexual selection (LSMeans, t 249 ratio<1.86, p>0.25), and again females tended to differ from sexual selection males 250 (LSMeans, t ratio=-2.46, p=0.073 and t ratio=-3.38, p=0.005 for sexual and non-sexual 251 selection females respectively). 252
253
Colour discrimination in Drosophila vision is best explained by a system of opponent 254 colour processing, where neurons receive antagonistic input from two or more 255 photoreceptors and the contrast between these inputs is used to process colour 256 information (Schnaitmann et al. 2013) . To better represent this process we calculated four 257 'opponent channels' that have been empirically validated to accurately describe Drosophila 258 colour discrimination (Rh5-Rh3, Rh6-Rh4, Rh6-Rh1, and Rh1-Rh4) (Schnaitmann et al. 259 2013). These were calculated by dividing the cone-catch quanta values of a focal 260 photoreceptor by the sum of the cone-catch quanta values of that photoreceptor and a 261 second comparator photoreceptor (e.g. Rh5/(Rh3+Rh5)) (Kelber et al. 2003) . We 262 generated images of these opponent channels from cone-catch data and measured the 263 mean hue (average opponent channel pixel values across the wing) and colour contrast 264 (standard deviation in opponent channel pixel values across the entire wing). Due to the 265 high correlation between these four opponent channels (see Methods), we used principal 266 component analyses to extract one significant principal component that explained 90.82% 267 of the variation in the average opponent channel values (i.e. average hue: Table S15), and 268 one significant principal component that explained 79.94% of the variation in colour 269 contrast values (Table S19) . 270
271
The principal component for average hue described variation in the opponency of long 272 versus short wavelength photoreceptors (Rh5 versus Rh3, and Rh6 versus Rh4), and 273 opponency of narrowband photoreceptors in yellow ommatidia versus broadband 274 photoreceptors (Rh6 against Rh1, and Rh1 against Rh4). The Rh1-Rh4 channel wassignificantly negatively loaded to this principal component while the remaining 3 channels 276 were significantly positively loaded (Table S15) The principal component for colour contrast describes variation in the same opponent 291 channels as the component for average hue. All four opponent channels were significantly 292 and positively loaded to this principal component (Table S19) , and higher principal 293 component scores therefore indicate higher colour contrast levels in all opponent 294 channels. Once again, we found that the effect of sexual selection on WIPs was different 295 for males and females (GLMM, 2 1 =19.26, p<0.001). The WIPs of males evolving with 296 sexual selection have significantly higher levels of colour contrast than those of males 297 without (LSMeans, t ratio=5.42, p<0.001). However, the colour contrast of female WIPs 298 from both selection regimes were indistinguishable (LSMeans, t ratio=0.31, p=0.99) (Figure  299 4), did not differ from the no-sexual selection treatment males (LSMeans, t ratio<-1.38,p>0.51), but were significantly different from males evolving with sexual selection 301 (LSMeans, t ratio>-5.48, p<0.001). 302
303
These results indicate sexual selection has resulted in wing sexual-signal evolution 304 because in all comparisons males from each treatment differed from one another. As 305 such, males from populations that evolved with sexual selection should be more sexually 306 attractive. To test this, the attractiveness (mating latency, a standard measure of male 307 attractiveness: see Methods) of males from experimental populations (when placed with a 308 single virgin tester female) was compared. Ranking population on average attractiveness 309 showed that males from populations evolving with sexual selection (rank sum = 10) were show that failure to consider the appropriate visual system and colour measurement can 327 lead to erroneous conclusions about colour and sexual selection (Bennett et al. 1997) . 328
329
By employing experimental evolution we have explicitly shown that WIPs evolve via sexual 330 selection as males evolving with mate-choice and mate-competition had significantly 331 different wing colouration components than males evolving without sexual selection, and 332 this resulted in males from sexual-selection populations being more attractive to females 333 using a standard measure of attractiveness, latency to mate (Sharma et al. 2012a; Sharma 334 et al. 2010) . Sexual selection resulted in male wings eliciting a stronger response in 335 longer-wavelength light than shorter wavelengths across all four empirically validated 336 opponent channels measured. The wings of males evolving under sexual selection also 337 had higher average luminance ('perceived brightness') and luminance contrast than wings 338 from males evolving without sexual selection. Sexual selection therefore seems to favour 339 male wings that have high internal contrast and reflect more light in the human-visible 340 green and blue wavelength regions. However, interpretation of the evolutionary response 341 away from the UV spectrum must be tempered by the low levels of UV light emitted in the 342 controlled environment chambers that housed our populations -this may have constrained 343 evolutionary responses towards the visible spectrum. Despite this, using a standard 344 measure of male attractiveness, males evolving with sexual selection were more attractive 345 to females -they mated faster, and because females determine whether copulation occurs 346 or not (Spieth 1974) , mating occurs more rapidly with more attractive males (Taylor et al. 347 2010; Sharma et al. 2012a; Taylor et al. 2007) . It is important to note that we are not 348 implying that WIP evolution is the sole cause of the differences in attractiveness we 349 documented (see e.g. Sharma et al. 2012b ). However, the covariance between mating-350 speed and WIP evolution is consistent with WIPs being part of the character-set that in 351 sum defines male sexual attractiveness. 
